The absorption and excretion of equivalent doses of ampicillin, pivampicillin, and amoxycillin were compared in 10 healthy volunteers after administration of these antibiotics in a randomized triple crossover fashion. As recommended, ampicillin and amoxycillin were administered on an empty stomach, whereas pivampicillin was given with breakfast. The mean half-life times were nearly identical for all three antibiotics: 60.9 min for ampicillin; 58.4 min for pivampicillin; and 62.2 min for amoxycillin. The absorption of the drugs was evaluated according to the following three criteria: the mean peak serum levels; the "area under the curve"; and the percentage of recovery in urine. By these criteria, pivampicillin was the best-absorbed drug, with absorption 3.0 to 3.6 times higher than that of ampicillin and 1.2 to 1.5 times higher than that of amoxycillin, whereas the absorption of amoxycillin was 2.1 to 2.9 times higher than that of ampicillin.
The discovery of ampicillin opened a new class of penicillins and broadened their spectrum of activity to a number of gram-negative bacilli. Unfortunately, the rather inefficient absorption after oral administration is a drawback, so that in serious infections the drug must be administered parenterally for maximal effec- tiveness. Over the last 10 years a number of attempts have been made to synthesize ampicillin analogues or ampicillin complexes that liberate ampicillin in vivo, in order to improve the oral absorption. Among the most promising of these new drugs are pivampicillin and amoxycillin.
Pivampicillin is a pivaloyloxymethyl ester of ampicillin that is hydrolyzed within a few minutes in vivo by esterases with liberation of ampicillin (3, 4) . Amoxycillin is a p-hydroxy derivative of ampicillin that is very comparable to ampicillin in its antibacterial spectrum and in its activity in vitro (12, 14) . Both drugs have been reported to give substantially higher serum levels than ampicillin after oral administration of comparable doses (1, 2, 4-8, 10, 11, 13) . For better absorption, ampicillin and amoxycillin are administered on an empty stomach. According to the recommendation of the manufacturer and to avoid gastrointestinal disturbances, pivampicillin is administered with a meal.
This study compares in a randomized triple crossover fashion the absorption and excretion of equivalent doses of the three antibiotics, administered in the way normally recommended in clinical practice.
MATERIALS AND METHODS
Ten healthy adult volunteers, four males and six females between 22 and 43 years old, received alternately ampicillin-trihydraat (Bristol Laboratories), pivampicillin (Leo Pharmaceuticals), and amoxycillin (Bristol Laboratories) in a randomized crossover fashion, with an interval of 4 or more days between the different administrations. The single dose of ampicillin (500 mg) or amoxycillin (500 mg) was administered after an overnight fast and 30 min before breakfast, and the dose of pivampicillin (700 mg), corresponding to 500 mg of free ampicillin, was given with breakfast. Test persons were allowed to have breakfast, but it had to be identical in the three cases.
Serum levels were determined before and 1, 1.5, 2, 4, and 6 h after drug administration. The volunteers were asked to urinate just before the drugs were taken, and the urinary excretion of the active drugs was measured in the samples collected between 0 to 2, 2 to 4, 4 to 6, and 6 to 9 h after drug administration.
The antibiotic concentrations were determined with an agar well method. The less susceptible Bacillus sphericus ATCC 10.208 was used as a test organism for the samples with high antibiotic concentrations, namely for the urine and serum levels between 1 and 4 h, whereas the more susceptible Sarcinea lutea ATCC 9341 was used for low serum levels after 6 h. One drop of the test organism grown in Trypticase soy broth (BBL) was inoculated into 50 ml of fresh Trypticase soy broth and incubated at 37 C for 18 h. From this culture 1 ml was added to 100 ml of melted seed agar (BBL), and 14-ml amounts were ABSORPTION AND EXCRETION OF THREE ANTIBIOTICS 589 poured into petri dishes (9-cm diameter) and allowed to harden on a perfectly horizontal Table 1 , together with the means and the peak levels. The mean serum levels of the three drugs are graphically presented in Fig. 1 . The mean peak serum levels of pivampicillin (11.94 gg/ml) and of amoxycillin (8.33 ug/ml) were, respectively, 3.0 and 2.1 times higher than the mean peak level of ampicillin (3.98 ,g/ml). Nine of the ten volunteers had ampicillin peak levels at 1.5 h and one at 2 h. With amoxycillin the peak level occurred at 1.5 h in eight persons, at 1 h in one, and at 2 h in the other. With pivampicillin a larger distribution in time for reaching the peak level was observed: in four persons after 1 h, in three after 1.5 h, and in the remaining three after 2 h, probably related to the fact that this drug was taken with breakfast.
The surface of the "area under the curve" was geometrically calculated for every volunteer and for each of the antibiotics, taking the time intervals in hours between the determinations as base lines and the values of the drug concentrations at every moment as the perpendiculars. Dividing this surface value by 6 (the total time in hours) resulted in an average serum level per hour over a 6-h period for each subject. This average serum level provided the best therapeutic index for the comparison of different antibiotics with the same spectrum and in vitro activity, since it takes into account early as well as late serum levels. The values for each volunteer with the three antibiotics are shown in Table 2 , together with the ratios of pivampicillin to ampicillin and amoxycillin to ampicillin. The average serum level per hour was 2.3 to 5.1 times higher with pivampicillin than with ampicillin, with a mean of 3.4 and 1.4 to 3.1 times higher with amoxycillin (mean, 2.2) compared with ampicillin. Variance analyses on the paired correlations proved that the differences between ampicillin and both other antibiotics were highly significant and that pivampicillin gave significantly higher serum levels than amoxycillin. No statistical difference in the serum values was found between males and females.
The T60 values of all serum level curves were calculated. The correlation coefficient of the majority of regression lines was larger than 0.990. The average T60 values for the three antibiotics were nearly identical: 60. Urinary excretion of the drugs at different time intervals was measured. The mean cumulative quantities of active compounds recovered are graphically shown in Fig. 2 . For each antibiotic, about half of the excreted dose was recovered during the first 2 h, nearly 40% during the next 2 h, and the remaining to a decreasing degree over the next 5 h. On the average, 21.8% of the administered dose of ampicillin was excreted within 9 h against 78.5% of pivampicillin and 64.2% of amoxycillin. Table 3 summarizes the differences in absorption between the three antibiotics as evaluated according to the following three criteria: mean peak serum levels, average serum level per hour over a 6-h period, and percentage of recovery of active compounds in urine within 9 h. From the ratios between the drugs by all three criteria, the absorption of pivampicillin was at least three times that of ampicillin and the absorption of amoxycillin was at least twice that of ampicillin.
A good estimate of the differences in uniformity of resorption between the different drugs and within the same group of persons is given by the dispersion coefficient of the attained peak levels, calculated by the formula V = s/i (standard deviation/mean) ( Table 4 (Table 4) . These values were nearly identical: 0.46 for ampicillin; 0.22 for pivampicillin; and 0.26 for amoxycillin. Here the difference was significant between ampicillin and pivampicillin (P < 0.025) and also between ampicillin and amoxycillin (P = 0.05), but not between pivampicillin and amoxycillin.
DISCUSSION
In most studies the "mean peak serum concentration" is in fact the peak value of an average serum concentration curve, whereas in this study it represents the actual mean of the individual peak values. As long as most persons reach their peak value at the same time, the difference will be small: e.g., in this study nine volunteers out of ten attained their peak value of ampicillin after 1.5 h and the actual mean peak value was 3.98 gg/ml, whereas the peak of the mean serum values was 3.93 gg/ml. However, when the individuals in a group reach their peak level at a different time after drug administration, then the peak of the mean serum concentrations of the whole group will be flattened and may differ considerably from the actual mean of the individual peak values. In this study, for instance, the peak level of pivampicillin was attained after 1 h by four persons, after 1.5 h by three, and after 2 h by the remaining three. As a result, the mean of the individual peak serum levels for pivampicillin was 11.94 Ag/ml, but the peak of the average serum curve of the group was only 10.69 Ag/ml (Table 1) . Considering this slight difference in methodology, the mean peak value of ampicillin in this study, 4.0,ug/ml, corresponds very well with those obtained in other comparative studies (6, 8, 9, 13) and keeps the mean between the values reported by Bodey and Nance (1) (2.3 iAg/ml) and by Croydon and Sutherland (2) (6.3 ,ug/ml). The mean peak value of amoxycillin (8.3 ,ug/ml) agrees very well with the value of 7.6 gg/ml obtained in other studies (8, 13) and was divergent in the same direction as ampicillin from the values obtained by Bodey and Nance
(1) (6.7 ug/ml) and by Croydon and Sutherland (2) (10.8 Ag/ml). Finally, the mean peak of pivampicillin found in this study (11.9 jg/ml) was the highest reported after a dose of 700 mg in non-fasting healthy persons. However, when calculated, as in most studies, as the peak of the average serum levels, the peak value became 10.7 gg/ml and corresponds very well with the values obtained in most studies (4, 9, 10) .
The mean T,0 values of 60.9 min for ampicillin and 62.2 min for amoxycillin correspond extremely well with those calculated by Gordon et al. (8) after oral administration of these drugs (60.3 and 61.3 min, respectively). They seem to confirm that half-life time calculations from serum level curves are reliable even after oral administration and that intravenous administration of the drugs is not strictly necessary as long as at least three or more points are available for each curve and there are enough curves to obtain a reasonable sample mean. Indeed, in this study in contrast to the study of Gordon et al. (8) , all curves and in these curves all values from the peak value were taken into account for the calculations, rather than only a limited group of curves selected for their straight lines on logarithmic paper. Out of the 30 calculated regression lines, 26 had a correlation coefficient of more than 0.990 and only four were lower, the lowest being 0.981. It demonstrates that the individual serum level curves, when plotted on a semilogarithmic scale, will approximate very closely the straight line. Nevertheless, relatively large differences in half-life time may be observed between individuals within the same antibiotic group and also in the same person from one day to another, taking into account that pivampicillin will be converted in ampicillin within a few minutes after absorption. However, in spite of these individual and day-to-day variations, the average T.0 values were nearly identical for the three antibiotics. The recovery of amoxycillin from urine (64.2%) was somewhat between the 59% reported by Croydon and Sutherland (2) randomized and since the antibiotic levels were determined in blind for all three drugs on the same days. However, the difference in percentage of recovery from urine between ampicillin and both pivampicillin and amoxycillin was on the same level, although somewhat more pronounced, as were the differences in peak serum concentration or in average serum level per hour. Therefore, the low recovery in urine indicates poor absorption of ampicillin.
With regard to the three criteria that may reflect the absorption of the drugs in this triple crossover experiment (mean peak serum levels, average serum levels per hour over a 6-h period, and percentage of recovery in urine) and taking into account that the T7', values were nearly identical, pivampicillin was the best-absorbed drug, followed by amoxycillin. By these criteria, pivampicillin displayed a 3.00-to 3.6-fold higher absorption than ampicillin and a 1.2-to 1.5-fold higher absorption than amoxycillin, whereas the absorption of amoxycillin was 2.1 to 2.9 times higher than that of ampicillin. Furthermore, pivampicillin and amoxycillin were more uniformly absorbed than ampicillin by the different individuals within a group, as demonstrated by the lower dispersion coefficients of the peak serum levels and of the urinary excretion. This is extremely important for the reliability of any chemotherapy.
Therefore, it may be concluded that both pivampicillin and ampicillin are superior substitutes for oral ampicillin therapy and that they can compete very well with parenteral therapy with ampicillin. Clinically, pivampicillin, which is best taken together with food, may be the better choice, since drug administration on an empty stomach is not always feasible and in practice is very often neglected by the patient.
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